A protocol is presented for generating human induced pluripotent stem cells (hiPSCs) that express endogenous proteins fused to in-frame Nor C-terminal fluorescent tags. The prokaryotic CRISPR/Cas9 system (clustered regularly interspaced short palindromic repeats/CRISPRassociated 9) may be used to introduce large exogenous sequences into genomic loci via homology directed repair (HDR). To achieve the desired knock-in, this protocol employs the ribonucleoprotein (RNP)-based approach where wild type Streptococcus pyogenes Cas9 protein, synthetic 2-part guide RNA (gRNA), and a donor template plasmid are delivered to the cells via electroporation. Putatively edited cells expressing the fluorescently tagged proteins are enriched by fluorescence activated cell sorting (FACS). Clonal lines are then generated and can be analyzed for precise editing outcomes. By introducing the fluorescent tag at the genomic locus of the gene of interest, the resulting subcellular localization and dynamics of the fusion protein can be studied under endogenous regulatory control, a key improvement over conventional overexpression systems. The use of hiPSCs as a model system for gene tagging provides the opportunity to study the tagged proteins in diploid, nontransformed cells. Since hiPSCs can be differentiated into multiple cell types, this approach provides the opportunity to create and study tagged proteins in a variety of isogenic cellular contexts.
Introduction
The use of genome-editing strategies, especially CRISPR/Cas9, to study cellular processes is becoming increasingly accessible and valuable 1, 2, 3, 4, 5, 6, 7 . One of the many applications of CRISPR/Cas9 is the introduction (via homology directed repair (HDR)) of large exogenous sequences such as GFP into specific genomic loci that then serve as reporters for the activity of a gene or protein product 8 . This technique can be used to join a fluorescent protein sequence to an endogenous open reading frame where the resulting endogenously regulated fusion protein can be used to visualize the subcellular localization and dynamics of the protein of interest 5, 6, 9, 10, 11 . While endogenously tagged proteins offer many benefits compared to overexpression systems, inserting large sequences into the human genome is an inefficient process typically demanding a selection or enrichment strategy to obtain a population of cells that can be easily studied import it into a bioinformatics software of choice. If the host genome sequence is known to contain variants relative to the reference, include those now by adjusting the reference sequence in the bioinformatics software (see Discussion). 2. Locate the desired FP insertion site. For C-terminal tags, the sequence for the FP tag will be introduced between the last base of the last codon and the first base of the stop codon. For N-terminal tagging, the sequence for the FP tag will typically be introduced between the last base of the start codon and the first base of the next codon. In some cases, such as when the start codon is a single codon exon, or where a signal sequence exists near the protein terminus, the desired FP insertion site may be situated in a more 3ʹ position, so long as it continues to be in frame. 3. Use 50 bp on each side of the desired insertion site as the input sequence for any publicly available crRNA design tool. Once 2-4 crRNA targets are identified near the insertion site, annotate the crRNA binding sites and protospacer-adjacent motif (PAM) sequences (NGG) in the bioinformatics software. These crRNAs will be used to induce double stranded breaks (see Discussion for more guidance on crRNA design). NOTE: Custom crRNA sequences can be submitted for synthesis with a commercial vendor (recommended), or the sequence can be used as a starting point to design a cloning or in vitro synthesis strategy, which is beyond the scope of this protocol (see Discussion). 4. To initiate the donor template plasmid, use 1 kb of sequence upstream of the desired insertion site as the 5ʹ homology arm (this should include the start codon for N-terminal insertions), and use 1 kb of sequence downstream of the desired insertion site as the 3ʹ homology arm (this should include the stop codon for C-terminal insertions). Bases between the two homology arms are typically not omitted. Including cellline specific variants in the homology arms will preserve these genetic variants in the resulting edited cells. 5. Between the two homology arms, insert the sequence for the FP (or other knock-in sequence) and the linker sequence (see Discussion for more guidance on linkers). For N-terminal tags, the linker sequence should be directly 3ʹ of the FP; for C-terminal tags, the linker sequence should be directly 5ʹ of the FP. 6. Disrupt crRNA binding sites in the donor template plasmid to prevent Cas9 cutting of donor sequence (see Discussion for considerations when altering crRNA binding sites). If possible, disruption of the PAM to a sequence other than NGG or NAG is preferred. Alternatively, introducing point mutations to three bases in the seed region of the crRNA (10 bases proximal to the PAM) is predicted to sufficiently disrupt crRNA binding. Some crRNA binding sites are disrupted by introduction of the FP sequence in the donor template plasmid; ensure that no PAM, or intact binding region still exists in these cases. NOTE: In silico donor template plasmid can be submitted for gene synthesis by a commercial vendor, or it can be used as a starting point to design a cloning strategy, which is beyond the scope of this protocol. A simple backbone such as pUC19 or pUC57 is sufficient.
Ribonucleoprotein (RNP) Transfection for CRISPR/Cas9 Mediated Knock-in in hiPSCs
NOTE: In this protocol, the term 'gRNA' describes synthetic crRNA and tracrRNA properly re-suspended, quantified, and pre-complexed per manufacturer's instructions (see Table of Materials) . Supplement all media with 1% Penicillin Streptomycin. General culturing guidelines of the WTC hiPSC line are described in more detail at the Allen Cell Explorer 18, 19 . WTC hiPSCs are used in this protocol, but with proper transfection optimization, electroporation of RNP and donor template plasmid may be successfully adapted to other cell types.
1. Prepare 10 µM working stocks of gRNA and wild type S. pyogenes Cas9 protein 2, 20 ; keep on ice. Prepare 1 µg/µL working stock of donor template plasmid; keep at room temperature (RT). Use pH 8.0 TE buffer for all dilutions. 2. Prepare a matrix-coated 6-well tissue culture plate with 5 mL of fresh growth media supplemented with 10 µM ROCK inhibitor (Ri) per well.
Keep plate with media in the incubator at 37 °C and 5% CO 2 until ready to plate cells after the transfection procedure (maximum 2 h . Briefly, wash cells once with RT DPBS and treat with dissociation reagent for 3-5 minutes. Then triturate cells into single-cell suspension by gentle pipetting and pellet by centrifugation. Resuspend the live cell pellet in growth media supplemented with 10 µM Ri.
1. Prepare an aliquot of 1.84 x 10 6 cells for each experimental condition to be transfected in separate 1.5 mL tubes.
NOTE: All volumes are calculated for a 4.5 µL total reaction volume in a 100 µL electroporation volume, times 2.3 reactions. This accounts for duplicate transfection and excess for pipetting error.
4. Prepare ribonucleoprotein (RNP) complex tubes for each experimental condition by adding 2.88 µL of 10 µM gRNA and 2.88 µL of 10 µM Cas9 to a 1.5 mL tube. Incubate at RT for a minimum of 10 min (maximum 1 h). 5. Pellet one cell aliquot (prepared in step 2.3.1) at 211 x g for 3 min at RT. Aspirate supernatant and resuspend cell pellet in 220 µL of manufacturer's electroporation buffer. 6. Add 220 µL of resuspended cells from step 2.5 into the 1.5 mL RNP complex tube prepared in step 2.4. 7. Add 4.60 µL of 1 µg/µL donor template plasmid to the 1.5 mL tube prepared in step 2.4. 8. Use the nucleofection tip and pipette to mix the tube contents 2-3 times, then transfer 100 µL of suspension to the prepared electroporation device. Avoid introducing any bubbles in the tip. Apply 1300 V for 1 pulse of 30 ms. 9. Gently transfer the suspension into the prepared 6-well plate from step 2.2 with a swirling motion. Disperse cells by gently moving the plate side-to-side and front-to-back. 10. Using a new nucleofection tip, repeat steps 2.8-2.9 with the remaining 100 µL of suspension and transfer into a second well of the prepared 6-well plate. 
FACS-Enrichment of Putatively Edited hiPSCs
Note: When sorting stem cells, adapt instrument settings to promote cell survival as suggested in the Discussion. Briefly, use the largest nozzle possible (130 µm), a low flow-rate (≤ 24 µL/min), preservative-free sheath fluid (such as saline, see 
Generating Putatively Edited Clonal hiPSC Lines
1. Using a gentle single-cell dissociation reagent as recommended in the 2. Using a P-200 multichannel pipette, add ~200 µL of DPBS to the first column of the 96-well plate to wash the cells. Using an 8-channel aspirator, remove and discard DPBS wash from the first column of the 96-well plate. 3. Using a P-200 multichannel pipette, add 40 µL of dissociation reagent to the first column of the 96-well plate. 4. Repeat steps 4.5.1-4.5.3 for up to a total of six columns of the 96-well plate, changing tips to be sure to not cross-contaminate wells.
Place the plate in the 37 °C incubator for 3-5 minutes from the time the dissociation reagent was added to the first column (step 4.5.3). NOTE: It is recommended to only passage a maximum of six columns (48 wells) at a time due to the time it takes to perform these steps. When performing this protocol for the first time, start with only passaging one or two columns at a time. Limiting the number of columns passaged at one time ensures that cells are not left in the dissociation reagent for too long, which could be harmful to hiPSCs. 5. When the cells in the first column of the plate have begun to lift off the plate bottom, use a P-200 multichannel pipette to add 160 µL of DPBS to the first column of the 96-well plate and gently triturate the cells at the "12:00", "3:00", "6:00", and "9:00" positions of each well. Transfer the entire volume of cell suspension (200 µL) to a V-bottom 96-well plate.
6. Repeat step 4.5.5 for the remaining columns of cells that have dissociation reagent in them; change tips as to not cross-contaminate wells. 7. Spin the V-bottom plate in a centrifuge at 385 x g for 3 min at RT. 8. Using a P-200 multichannel pipette, gently remove the supernatant and resuspend cells in 200 µL of fresh growth media supplemented with 10 µM Ri per well. Repeat for all wells, changing tips as to not cross-contaminate. 9. Transfer all of the cell suspension to a fresh matrix-coated 96-well plate 19 . Incubate the plate in a tissue culture incubator at 37 °C and 5% CO 2 . Change the media to regular growth media (no Ri) at 24 h, and continue feeding cells every 24 h for 72-96 h, until the majority of clones reach 60-80% confluence. NOTE: This passage helps to spread out the cells and allow for more growth over the entire area of the 96-well plate.
6. Observe clones and identify an appropriate split ratio for each individual clone in the 96-well plate (e.g., 1:10, or 1:8). Using a gentle singlecell dissociation reagent as suggested in the . Briefly, a copy number droplet digital PCR assay can be used to identify clones that contain one or two copies of GFP and no donor template plasmid backbone integration. A combination of end-point PCR assays and Sanger sequencing can then identify clones that contain a precise insert. 5. To thaw, bring the entire plate to 37 °C in a tissue culture incubator, watching carefully for the ice pellets to melt. Wells at the edge of the plate tend to thaw first. 1. When the ice pellet of desired clone melts, gently transfer entire 200 µL to a 15 mL conical tube containing 3 mL of RT growth media supplemented with 10 µM Ri and centrifuge at 211 x g for 3 min at RT. 2. Aspirate supernatant and resuspend pelleted cells in 1 mL of RT growth media supplemented with 10 µM Ri. Transfer to a fresh matrixcoated 24-well plate and incubate at 37˚C and 5% CO 2 . Change the media to regular growth media (no Ri) at 24 h, and continue feeding cells every 24 h for 72-96 h until the clone reaches 60-80% confluency and has mature morphology 19 .
Representative Results
The goal of this experiment was to fuse mEGFP (monomeric enhanced GFP) to the nuclear lamin B1 protein by introducing the mEGFP sequence to the 5ʹ end of the LMNB1 gene (N-terminus of the protein). A linker (amino acid sequence SGLRSRAQAS) was chosen based on previous cDNA constructs from the Michael Davidson Fluorescent Protein Collection 21 . Because the crRNA binding region in the donor template plasmid for each candidate crRNA was disrupted after the in silico insertion of mEGFP and the linker sequence, no point mutations needed to be made to disrupt potential crRNA recognition and cleavage by Cas9 of the donor sequence (Figure 1) . The donor sequence contained 1 kb homology arms flanking both ends of the mEGFP-linker sequence. The resulting 2,734 bp of DNA was cloned into a pUC57 backbone, sequence verified, and the resulting donor template plasmid was purified using an endotoxin-free maxi prep. The donor template plasmid and RNP complex were transfected, putatively edited cells were enriched, and the localization of the mEGFP-nuclear lamin B1 fusion protein was confirmed by fluorescence microscopy (Figure 2) . Only results from the crRNA1 transfection are described here, although both crRNA sequences produced putatively edited populations 12 .
When compared to the negative control, which contained no gRNA, Cas9 protein, or donor template plasmid in the electroporation reaction (buffer only), the LMNB1 crRNA1 transfected cells contained 0.95% mEGFP-positive cells representing the putatively edited mEGFP-nuclear lamin B1 population (Figure 3a) . This result was within the range of knock-in efficiencies observed across many genomic loci using this method, as previously reported 12 .
The mEGFP-positive cells were isolated by FACS and imaged by live microscopy to confirm expected localization of the mEGFP-nuclear lamin B1 fusion protein to the nuclear envelope. After FACS-enrichment, approximately 90% of sorted cells from the LMNB1 crRNA1 population were mEGFP-positive (as determined by microscopy), suggesting that some mEGFP-negative cells co-purified with the GFP-positive cells during the sorting procedure. This was an acceptable level of enrichment that allowed for picking of 96 clones that could then be genetically screened for successful editing. Generally, a cut-off for successful enrichment is 50% GFP positive.
The majority of the sorted cell population displayed fluorescence at the nuclear envelope (nuclear periphery) in nondividing cells and to an extended nuclear lamina within the cytoplasm during mitosis providing confidence in the correct genomic edit at the LMNB1 locus. The enriched population contained cells with either bright or dim signal. This difference in signal intensity may reflect a combination of correct and incorrect editing outcomes and highlights the utility of generating a genetically validated clonal line for further studies (see Discussion) (Figure 3b) 
12
. After clonal line generation, genetically validated cells showed uniform GFP intensity in microscopy experiments (Figure 3c) . figure) . Two candidate crRNAs were designed to guide Cas9 to cleave as close to the intended insertion site as possible, while still being unique in the genome. Sequence for mEGFP and an amino acid linker were inserted just 3ʹ of the start codon (mEGFP and linker sequence not to scale). Please click here to view a larger version of this figure. ; a successful enrichment may typically include ~300-5,000 cells after transfection of approximately 1.6 x 10 6 hiPS cells. Preliminary imaging studies confirmed the signal and localization of the fusion protein in the enriched population. Colonies were manually picked into a 96-well plate for expansion and cryopreservation. Further genomic quality control screening using droplet digital PCR (ddPCR) and other PCR-based assays was then used to identify properly edited clones, as previously described 12 . Please click here to view a larger version of this figure. 
Discussion
The method presented here for generating endogenously regulated fluorescent protein fusions in hiPSCs is a versatile and powerful approach for generating gene edited cell lines with applications ranging from live cell imaging to various functional studies and "disease in a dish" models using patient-derived hiPSC lines 13, 14, 15 . While this method has been used to introduce large FP tags to the N-or C-terminus of endogenous proteins, it could potentially be used to introduce other tags or small genetic changes to model or correct disease-causing mutations 22, 23 . For smaller inserts, the size of the homology arm may be reduced, but the general approach to editing presented in this method may still apply 24, 25 . While the use of hiPSCs is strongly encouraged for their vast utility, with careful optimization, this protocol may be adapted to edit the genomes of other mammalian cell lines.
When identifying a gene of interest for FP tagging, transcript abundance estimates (from microarray or RNA-Seq data) are a good starting point for assessing whether a gene or isoform of interest is expressed, although transcript levels do not always correlate with protein levels. The FACS-enrichment strategy described here will work best for genes that are at least moderately well expressed in the cell type of interest. This strategy has also been successful in selecting for fusions that show punctate and/or discrete localization patterns such as centrin, desmoplakin, and paxillin where the signal to background ratio is very low 12, 19 . Genes that are not highly expressed or are only expressed in derivative cell types may require additional selection strategies.
The starting point for crRNA and donor template plasmid designs used in human cell lines should be the human reference genome (GRCh38). Because the genomes of different cell lines can vary within the same species, and because CRISPR/Cas9 is sequence-specific, it is extremely helpful to identify cell line-specific variants (single nucleotide polymorphisms or insertions/deletions (indels)) that differ from the reference genome and incorporate these into the design. This ensures that crRNAs will be compatible with the host genome and that the donor template plasmid homology arms will retain any cell-line specific variants. A suggested strategy is to incorporate homozygous variants into crRNAs and donor template plasmid homology arms during the design process. Incorporating heterozygous variants is optional. The specific reagents used for large knock-in experiments and other key considerations for this protocol are discussed below.
Cas9 Protein
The primary benefit of using Cas9 protein is that introducing the Cas9 and gRNA as an RNP complex has been shown to result in a limited duration of nuclease activity compared to plasmid-based approaches where expression of the Cas9 and gRNA may continue for days and lead to greater on-and off-target activity 26, 27 . An additional benefit of using Cas9 protein is that it is readily available to cleave once inside the cells. This contrasts with more conventional methods of using Cas9 mRNA or Cas9/gRNA plasmid that require transcription, translation and protein processing 26, 28 . Wildtype S. pyogenes Cas9 protein is now available from many commercial sources.
Guide RNA
There are many publicly available tools for finding crRNA targets near the desired FP insertion site that have zero or few predicted off-targets in the host genome 29, 30, 31, 32 . Efficiencies in HDR and the precision of the HDR outcome vary widely between crRNA targets used at a given locus 12 . For this reason, testing several crRNAs (2-4 and preferably within 50 bp of the desired insertion site) per locus is recommended as this may increase the probability of a successful editing experiment. Current possibilities for delivering gRNA include synthetic 2-part crRNA and tracrRNA, synthetic single gRNAs (sgRNAs), in vitro transcribed sgRNAs, or delivering a plasmid to cells expressing the sgRNA from a U6
. When mutating the homology arm, avoid non-synonymous mutations and the introduction of rare codons. If a synonymous change to the PAM sequence is not possible, consider making three synonymous point mutations in the seed region (10 bp proximal to PAM) of the crRNA binding site. Extreme care should be taken when making these changes in the 5ʹ untranslated region (UTR) since these regions may contain important regulatory sequences. Consulting a genetic conservation database such as the UCSC Genome Browser's Comparative Genomics tracks can provide guidance in these cases, as changes to non-conserved bases may be better tolerated than changes to highly conserved bases 17 . Sometimes the mere insertion of the FP sequence is enough to disrupt the crRNA binding site (as in Figure 1) ; however, the newly appended sequence should be checked for the persistence of crRNA binding and PAM sequences.
Amino acid linkers between the FP and the native protein are recommended to conserve the function of the fusion protein 34 . Often an amino acid linker may be chosen for its particular charge or size. If a cDNA fusion with a design similar to the targeted endogenous fusion protein has been well studied, that same linker sequence can be used for the CRISPR/Cas9 knock-in experiment 12, 19 . If such information is unavailable, a short linker such as GTSGGS has also been used successfully 12 . Other studies have demonstrated success with a generic small 3-amino acid linker sequence for a variety of targets 35 .
Transfection and FACS Enrichment
Many commercially available transfection reagents are formulated for delivery of certain types of molecules to cells, whereas an electroporation system can be used to deliver reagents with a wide range of size, charge, and composition. In addition to being a common transfection method for hard-to-transfect cells like hiPSCs, electroporation also carries the benefit of delivering all three components for CRISPR/Cas9-mediated FP knock-in as described in this method. Electroporation was found to produce the best results when compared to other commercially available reagents when developing this method (data not shown), and has also been used by others for RNP delivery 26, 28, 36 . When using this protocol for editing hiPSCs, special care should be taken to ensure gentle handling of the cells before and after the gene editing process for optimal cell survival and minimal spontaneous differentiation. In particular, the FACS enrichment methods should be adapted for sorting stem cells by using the largest nozzle possible (130 µm), a low flow-rate (≤24 µL/min), preservative-free sheath fluid (such as saline, see Table of Materials) , and low sample pressure (10 psi). Instead of single cell sorting, which results in suboptimal viability in stem cells, the FACSenriched hiPSCs are sorted in bulk and expanded as a population to optimize cell viability and stem cell integrity. However, single cell sorting may be appropriate for less sensitive cell types. To promote cell survival, cells are returned to culture no longer than one hour after harvesting for the FACS enrichment and kept at room temperature throughout the sorting process. For some cell types, cell survival may also be enhanced by incubating cells on ice (4°C) throughout the sorting process.
The bulk expansion of FP-positive cells provides an opportunity to evaluate the population by imaging analysis for fusion protein localization prior to generating clonal lines. While the resulting enriched population of cells may be sufficient for some studies, these populations frequently display FP signal of varying intensity. The isolated clonal lines have uniform signal (Figure 3) , making them more appropriate for functional experiments 12 .
Clonal Cell Line Generation
Throughout the editing and clonal line generation process, it is important to monitor cell morphology. hiPSC colonies grown in feeder-free conditions should exhibit smooth edges and an even, well-packed center 12, 18, 19 . Differentiated cells should be observed in less than 5% of the culture. When picking individual colonies, choose those that exhibit good morphology. During the 96-well plate passaging events, check clones for morphology and discontinue those that have overgrown as this may lead to differentiation or be an indication of genetic instability.
Generation of clonal cell lines allows for genetic confirmation of precise editing, which is important because Cas9-induced double strand breaks in the genome are often repaired imprecisely despite incorporation of the tag at the desired locus. Previously described PCR-based assays showed that cumulatively across ten unique genomic loci many (45%) of the FP-expressing clones suffered from donor plasmid backbone integration at the targeted locus or (rarely) randomly in the genome 12 . Additionally, 23% of GFP-positive clones (n=177) across ten unique loci were found to harbor mutations at or near the anticipated crRNA cutting site in the untagged allele, most likely due to NHEJ 12 . This genetic analysis of many clonal lines (~100 clones/edit) underscored the importance of genetic validation that is not possible in a cell population since FP-expression and expected fusion protein localization alone do not guarantee precise editing 12 . Additionally, these PCR-based assays cannot be performed on an enriched population of cells with any certainty, warranting the need for clonal line generation before meaningful analysis can be completed. Genetic confirmation of the inserted FP tag and verification of the genetic integrity of the unedited allele (in a mono-allelic edited clone) are both necessary to ensure precise editing at the targeted locus beyond tag expression.
A low rate of bi-allelic edits and lack of off-target mutations (as assayed by Sanger and exome sequencing) have been observed to date using this method (unpublished data) 12 . This is consistent with previous studies describing the use of short-lasting RNP for CRISPR/Cas9 experiments 26, 27 . The lack of clonal cell lines with bi-allelic edits may also be locus specific or due to the inability of the cell to tolerate two tagged copies of an essential protein as suggested from previously published experiments where putative bi-allelic edited cells were observed for one locus (LMNB1), but not another (TUBA1B) 12 . The comparison to unedited parental controls will help evaluate the influence of the editing process on localization, dynamics, and function. Other assays such as growth analysis and tests for genomic stability can also help determine if the tagged protein is perturbing to the cell. When using hiPSC in this protocol, evaluation of pluripotency markers and differentiation potential can be critical in determining a clone that is valuable for downstream studies 12 . Because extended culture of hiPSC has been shown to lead to genetic instability, monitoring the growth rate and karyotype of clonal cell lines is also important 12, 37 . However, the final intended use of the edited cells will ultimately determine the level and breadth of quality control analysis and will vary based on the application.
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